Aim: To reconstruct the historical biogeography of Hyla molleri, a tree frog endemic to the Eurosiberian and Mediterranean bioclimatic zones in the Iberian Peninsula.
shallow phylogeographic structure after the extinction of most ancient lineages during glaciations (Recuero & García-París, 2011) , whereas model 'S' species show deep phylogeographic breaks due to the persistence of ancient groups in multiple refugia (Gonçalves et al., 2015; Martínez-Solano et al., 2006) . The effects of successive glacial and interglacial periods on current patterns of genetic diversity across taxa have been largely mediated by range contractions and expansions, whose relative timing is expected to differ in coldtolerant (e.g. associated with the Eurosiberian bioclimatic realm) and thermophilous (e.g. Mediterranean) taxa. In the present, model 'S' and model 'R' Eurosiberian and Mediterranean species can be found in sympatry in some areas of southern Europe, potentially showing contrasting historical demographic dynamics associated to their different Pleistocene biogeography and ecological requirements (Dufresnes et al., 2013) . This can be assessed through the integration of phylogeographic analyses on multilocus genetic datasets, and species distribution modelling (SDM) representing climatic favourability in different time periods, to unravel the effects of past climate fluctuations on biodiversity (Buckley, 2009; Elith & Leathwick, 2009 ).
Recent studies have applied this approach to two thermophilous Mediterranean amphibians from the Iberian Peninsula, one corresponding to a model 'R' species (Pelobates cultripes, see Gutiérrez-Rodríguez, Barbosa, & Martínez-Solano, 2017a) and the other to a model 'S' species (Pleurodeles waltl, see Gutiérrez-Rodríguez, Barbosa, & Martínez-Solano, 2017b) . In both cases, the results showed a decrease in climatically favourable areas in the Last Glacial Maximum (LGM), associated with a decrease in genetic diversity in areas more subject to changes in favourability through time, mostly in northern latitudes (Gutiérrez-Rodríguez et al., 2017a , 2017b , supporting the idea that thermophilous Mediterranean species fit the classical model of range contraction to glacial refugia, followed by range expansion after the LGM (Gutiérrez-Rodríguez et al., 2017a , 2017b . However, the generality of this model needs to be assessed in a wider range of co-distributed taxa, including those that are also present in the cooler Atlantic region. These taxa often reach higher latitudes and altitudes than their Mediterranean counterparts, presumably because of a higher tolerance to cold environments. This higher ecological breadth may have played a role in buffering the demographic effects of the ice ages on Atlantic taxa, which would thus be less dependent on climatic stability than Mediterranean taxa, perhaps undergoing historical population dynamics differing from the classical contraction-expansion model. Characterizing the genetic structure of Eurosiberian species in southern European refugia in relation to past climatic scenarios is thus essential to obtain a comprehensive picture of the biogeographic history of Europe since the last ice age, and to understand community dynamics associated with long-term climatic changes (Lobo, Martínez-Solano, & Sanchiz, 2016) .
The Iberian tree frog Hyla molleri Bedriaga, 1889 is an optimal model system in this respect. It has a wide distribution in the Iberian peninsula, encompassing both its Eurosiberian and Mediterranean regions, and occurring from altitudes near sea level to over 2,400 m in the Sistema Central mountains (Reino et al., 2017) . It can be considered a cold-tolerant species, with some populations inhabiting areas with annual mean temperatures below 8°C (Llusia, Márquez, Beltrán, Benítez, & do Amaral, 2013) . It is also a vagile species which shows a relatively high frequency of movements between distant breeding sites, as compared to other amphibians (>700 m apart, see Sánchez-Montes, Wang, Ariño, & Martínez-Solano, 2018 Although previous studies on H. molleri revealed limited genetic variation based on mitochondrial DNA (mtDNA) data, with no obvious patterns of population structure (Barth et al., 2011; Gvoždík et al., 2015; Stöck et al., 2012) , its historical demography under past climatic scenarios remains to be explored in detail.
Here we use specific microsatellite markers (Sánchez-Montes, Ariño, Vizmanos, Wang, & Martínez-Solano, 2017) and apply an integrative phylogeographic approach to reconstruct the historical biogeography of this species in Iberia. We analyse genetic samples (mtDNA and microsatellites) from 60 populations, and use SDM to infer changes in climatic favourability for this species through time, focusing on the relationship between spatial patterns of genetic diversity and historical climatic favourability. Specifically, we aim to (a) infer range-wide patterns of genetic variation and structure in H. molleri and assess whether they fit an 'R' or an 'S' model and (b) test whether genetic diversity is concentrated in areas that have remained climatically favourable since the Last Interglacial (LIG), with gradients of decreasing genetic diversity towards recently recolonized territories, in agreement with the glacial-refugium model. Alternatively, a decoupling between spatial patterns of genetic diversity and climatic stability in the Iberian refugium would support a different scenario, in which climatic changes during the Pleistocene did not have significant effects on this species' historical population dynamics. Our results have implications for the conservation of the evolutionary potential in H. molleri (Carvalho et al., 2017) .
| MATERIALS AND METHODS

| Sampling and DNA purification
We collected tissue samples of 248 individuals of H. molleri from 60 localities, covering its entire distribution range (Table 1, Figures 1 and 2). Samples included tail tips of tadpoles and toes of post-metamorphic individuals, which were then released back in the place of capture, and from specimens preserved in museum collections. Tissue samples were stored in absolute ethanol and kept at 4°C upon genomic DNA isolation, which was performed with NucleoSpin Tissue-Kits (Macherey-Nagel, Düren, Germany).
| Mitochondrial DNA
We sequenced fragments of the mitochondrial genes cytochrome b (cob) and NADH dehydrogenase subunits 4 (ND4) and 5 (ND5), including adjoining tRNAs (total: 3,290 base pairs), in 247 individual samples from 59 different localities (Table 1) , using primers LO and T A B L E 1 Sample localities included in this study, with their geographical coordinates in decimal degrees (Lat: latitude, Long: longitude), the codes of individual samples of Hyla molleri and genetic diversity results obtained in mitochondrial (mtDNA) and microsatellite analyses
ID Locality
Lat Long (Rozas et al., 2017) and to reconstruct a haplotype network with POPART 1.7 (Leigh & Bryant, 2015) , using the median-joining algorithm (Bandelt, Forster, & Röhl, 1999) .
Reconstructing time-calibrated gene trees requires information from the fossil record or on nucleotide substitution rates. We estimated substitution rates in our mtDNA sequences in a species-tree analysis in *BEAST 1.8.4 (Heled & Drummond, 2010) . This analysis included sequences from four species: Hyla meridionalis, Hyla arborea, Hyla orientalis and H. molleri. In addition to sequences from our targeted mtDNA fragments, we downloaded from GenBank sequences from three nuclear markers: RAG1, alpha fibrinogen and med15
(alignments and accession numbers in Supporting Information Appendix S1). For *BEAST analyses we chose the Yule process as the species tree prior and applied a calibration for the root with a prior 
| Microsatellites
A set of 18 microsatellites specifically optimized for H. molleri (Sán-chez-Montes et al., 2017) was used to genotype 113 individuals from 40 localities (Table 1) . Dye-labelled primers were arranged in five multiplex reactions, which were run following the protocols reported in Sánchez-Montes, Recuero, Gutiérrez-Rodríguez, GomezMestre, and Martínez-Solano (2016) , Sánchez-Montes et al. (2017) .
Chromatograms were obtained with an ABI PRISM 3730 sequencer using a GeneScan 500 LIZ size standard (Applied Biosystems). Alleles were scored manually using GENEMAPPER v4.0 (Applied Biosystems).
The resulting dataset was complemented with 12 additional Table 1 ).
We used GENALEX 6.5b3 (Peakall & Smouse, 2006) to calculate mean allelic richness (AR), observed (H O ) and expected heterozygosity (H E ) and the number of private alleles from multilocus genotypes of individuals sampled at each locality. We ran software STRUCTURE 2.3.4 (Pritchard, Stephens, & Donnelly, 2000) , which implements unsupervised Bayesian clustering analyses, to (a) infer the number of genetic clusters (K) best explaining the genetic structure in the range-wide sample and (b) estimate the assignment probability of each individual to each of the inferred clusters. For each value of K from one to ten, we ran ten replicates with correlated allelic frequencies (Falush, Stephens, & Pritchard, 2003) , 100,000-500,000 generations of burn-in, and 10 6 postburn-in iterations. We assessed the likelihood of different K values explaining the genetic structure in the data with STRUCTURE HAR-VESTER 0.6.94 (Earl & vonHoldt, 2012) , using both the original (Pritchard et al., 2000) and the ΔK (Evanno, Regnaut, & Goudet, 2005 ) methods. We used CLUMPAK (Kopelman, Mayzel, Jakobsson, Rosenberg, & Mayrose, 2015) to summarize the assignment probabilities of each individual and population to each of the inferred clusters.
| Climatic favourability model
To infer climatically favourable areas for H. molleri under current and past climate, we built an SDM based on this species' current distri- LGM favourability (CCSM)
LGM favourability (MIROC)
LGM favourability (MPI) (Barbosa, 2015a) using the favourability function (Real, Barbosa, & Vargas, 2006) , a generalized linear model that allows obtaining prevalence-independent values directly comparable across taxa and time periods (Acevedo & Real, 2012) . Unlike the generality of other algorithms, which model probability or suitability, favourability can be formally used in fuzzy logical analyses (Acevedo & Real, 2012; Real et al., 2006) , such as the intersections that assess the maintenance of adequate conditions across time periods (see below). Nevertheless, to ensure that the choice of modelling approach did not strongly affect our conclusions, we also modelled the same data with the widely used algorithm Maxent. We built this model with the MAX-NET R package, using linear and quadratic features (Merow, Smith, & Silander, 2013 ) and a complementary log-log (cloglog) transform (Phillips, Anderson, Dudík, Schapire, & Blair, 2017) . We then mapped these predictions for each climate scenario and measured their correlations with the corresponding favourability predictions.
The selection of variables followed a three-step protocol, as implemented in the 'fuzzySim::multGLM' function: first, variables with a significant bivariate relationship with the distribution of the species were selected based on the false discovery rate (Benjamini & Hochberg, 1995) ; the selected variables were included in a multivariate model through a forward-stepwise procedure based on Akaike's Information
Criterion (Akaike, 1974) ; finally, non-significant variables left in the model were removed in a stepwise manner (Crawley, 2007) .
Model performance was evaluated with the MODEVA R package (Barbosa, Real, Muñoz, & Brown, 2013) . We used several performance metrics that measure discrimination, classification (using 0.5 as the threshold value, which for favourability models equates to (Figure 3 ). We combined different measures of genetic diversity (allelic richness, observed heterozygosity and number of private alleles; nucleotide diversity was excluded for its smaller sample size) in a principal components analysis (PCA) with R function PRINCOMP, using the correlation (rather than the covariance) matrix as these variables are measured on different scales.
We confirmed that the first PCA axis captured most (~60%) of the variation and correlated positively with each diversity measure. We then used kriging interpolation (AUTOKRIGE function of the AUTOMAP R package) to estimate genetic diversity across the species' range, averaged it over the UTM 10 × 10-km 2 cells, and correlated it with the intersection of current and past climatic favourability. F I G U R E 3 Current occurrence records (black 10 × 10 km 2 cells), current distribution range encompassing these records (grey outline) and climatic favourability (colour scale ranging from dark blue-least favourable-through yellow to dark red-most favourable-) for Hyla molleri, in the present and under projected climates for the Last Inter-Glacial (LIG) and for each of three simulations for the Last Glacial Maximum ( All test statistics showed significant evidence for demographic expansions in H. molleri, as well as for each major mtDNA clade separately (Table 2) .
| RESULTS
| Mitochondrial DNA analyses
| Microsatellite analyses
Localities in northern Iberian mountains and in western Iberia
showed the highest genetic diversity, measured as mean AR and H O (Supporting Information Appendix S3). In contrast, the highest concentration of private alleles occurred at both geographical extremes, in localities of France and southwestern Portugal (Supporting Information Appendix S3).
Clustering analyses yielded K = 4 and, especially, K = 7 as the numbers of clusters best explaining the genetic structure in the microsatellite data (Figure 2 and Supporting Information Appendix S2).
Four of the groups inferred from mtDNA data (North-Atlantic, NorthPlateau, West-Atlantic and South) were also recovered in microsatellite analyses with K = 4 (Figure 2 ). At K = 7, the Central System and the northwestern localities were differentiated within the North-Plateau group and a South-eastern cluster was differentiated within the Southern group (Figure 2 ).
| Climatic favourability model
Model predictions (Figure 3 ) had good overall evaluation measures, with, for example an area under the receiver operating characteristic curve (AUC) of 0.914, which is considered 'excellent' (Swets, 1988) , and a McFadden's pseudo-R 2 of 0.379, which is well above what is considered 'excellent fit' (McFadden, 1978 ; Figure 4 ). Maxent predictions, obtained for comparison, had essentially the same AUC (0.915) as favourability, slightly higher sensitivity at a threshold equalling the species' prevalence, and lower specificity and remaining classification measures. They also provided essentially similar spatial patterns to those of favourability, with which they were highly correlated (Supporting Information Figure S3. 3), therefore indicating that our results were robust to the choice of modelling algorithm.
Climatically favourable areas inferred from model projections generally contracted between time periods, from the LIG to the present ( Figures 5 and 6 ). However, favourability generally remained high across the current distribution range of H. molleri (Figure 3 ).
Current genetic diversity showed a general increasing trend towards the southwest (Figure 7 ). There were no meaningful correlations between genetic diversity and environmental favourability along the glacial cycle, whether or not restricting the analysis to environments analogous to those of today (Figure 3 ).
| DISCUSSION
The combination of comprehensive range-wide sampling and extensive genetic information, including mtDNA sequences and specific microsatellite markers, has shown that the phylogeographic pattern of H. molleri is more complex than expected based on previous studies (Barth et al., 2011; Gvoždík et al., 2015; Moreira, 2012; Stöck et al., 2012) . Our results uncovered finer-scale patterns of genetic structure than previous studies, including evidence for two major Pleistocene lineages (Figure 1) , and additional geographically structured subdivision within both major groups (Figures 1 and 2) . orientalis, an eastern species distributed from Central Europe to the Caspian Sea (Gvoždík et al., 2015) . Time estimates for their common ancestor range from middle Pleistocene (Gvoždík et al., 2015) to early Pliocene (Dufresnes et al., 2018; Stöck et al., 2012) , much earlier than our TMRCA estimates (Figure 1 ). The sister relationship between both species, their current disjunct distribution and their different phylo- (Teixeira, Gonçalves, Ferrand, García-París, & Recuero, 2018) , and Mediterranean taxa like Alytes cisternasii (Gonçalves et al., 2009) or P. cultripes (Gutiérrez-Rodríguez et al., 2017a) . Unfortunately, for several of these taxa we lack detailed information regarding the relationship between changes in climatic favourability and patterns of genetic diversity. The only model 'R' species for which this integrative approach combining genetic information and SDM has been applied so far showed a clear signature of range contraction during (Barbosa, 2015b) . Measures and plots were obtained with the mODEVA R package SÁNCHEZ-MONTES ET AL. LGM (MIROC) LGM ( LGM (MIROC) LGM ( F I G U R E 7 Spatial trends in current genetic diversity of Hyla molleri across its distribution range, based on kriging interpolation of the first axis of a principal components analysis of observed heterozygosity, allelic richness and number of private alleles
